can cause severe illness in immunocompromised and immunodeficient individuals. As a novel HCMV-encoded major histocompatibility complex class I-related molecule, the UL142-encoded protein (pUL142) is capable of suppressing natural killer (NK) cell recognition in the course of infection. However, no host factors that directly interact with HCMV pUL142 have been reported so far. In order to understand the interactions between HCMV pUL142 and host proteins, the current study used yeast two-hybrid screening, a GST pull-down assay and an immunofluorescence assay. A host protein, the SNARE-associated protein Snapin, was identified to directly interact and colocalize with HCMV pUL142 in transfected human embryonic kidney-293 cells. Snapin is abundantly expressed in the majority of cells and mediates the release of neurotransmitters through vesicular transport in the nervous system and vesicle fusion in non-neuronal cells. It is hypothesized that HCMV pUL142 may have an impact on the neurotransmitter release process and viral dissemination via interaction with Snapin.
Introduction
Human cytomegalovir us (HCMV) is a ubiquitous betaherpesvirus that has established a widespread and life-long latent infection in the majority of the global human population. HCMV infection is asymptomatic in healthy individuals, however, in immunosuppressed individuals, HCMV primary infection or reactivation usually causes serious side-effects, including HCMV pneumonia, hepatitis, encephalitis (1-3) and in certain cases, mortality.
HCMV has the largest genome of any characterized human virus, which is comprised of a DNA double helix of >236 kb and 160 predicted open reading frames (ORFs), including unique long (UL) and unique short (US) regions (4) (5) (6) (7) . During extensive passage in vitro, a 15 kb sequence in the UL/b' region (UL133-UL151) was deleted from the widely used HCMV laboratory strain AD169 compared with the low passage Toledo strain (8) . In recent studies, the UL/b' region has been demonstrated to be important for the dissemination, latency and virulence of HCMV in human hosts (9) (10) (11) (12) . The UL142 ORF, located within the UL/b' region, is 921 bp in length and is predicted to encode a protein, presumably an important component in the inhibition of natural killer (NK) cell killing and the innate defense against HCMV (13) .
It is well established that HCMV has developed effective approaches for hijacking and manipulating the host cellular processes to contribute to the viral replication and spread, primarily through interactions with host proteins. However, the identities of the host proteins that interact with the UL142 gene product (pUL142) in the infected cells remain unknown. The aim of the current study was to use a yeast two-hybrid screening system to identify cellular proteins that interact with pUL142 and to verify this interaction using a glutathione S transferase (GST) pull-down assay and then detect their co-localization in transfected embryonic kidney 293 (HEK-293) cells.
Materials and methods
Cells. HEK-293 cells (American Type Culture Collection, Manassas, VA, USA) were cultured in Dulbecco's modified Eagle's medium (HyClone, Logan, UT, USA), supplemented with 10% fetal bovine serum (HyClone), 100 U/ml penicillin and 100 mg/ml streptomycin (Boehringer-Ingelheim, Ingelheim am Rhein, Germany). The HEK-293 cells were maintained at 37˚C in 5% CO 2 .
Yeast two-hybrid screening. A yeast two-hybrid screening system (Matchmaker GAL4 Two-Hybrid System 3; Clontech Laboratories, Inc., Mountainview, CA, USA) was used to identify pUL142 interacting proteins from a human fetal brain cDNA library (pACT2-cDNA; Clontech Laboratories, Inc.). The full ORF sequence of the UL142 gene was amplified by polymerase chain reaction (PCR) using HCMV H strain DNA (GenBank no. GQ981646; Shenyang, China), and inserted into the BamHI sites of a pGBKT7 vector (Clontech Laboratories, Inc.) generating a plasmid (pGBKT7-UL142) that expresses a UL142 fusion protein with the binding domain (BD) to be used as a bait plasmid for the two-hybrid screening. The constructed plasmid was confirmed by DNA sequencing using the dideoxy chain-termination method carried out by the Beijing branch of the Invitrogen Life Technologies company (Invitrogen Life Technologies, Carlsbad, CA, USA). The pGBKT7-UL142 and pACT2-cDNA plasmids were sequentially transformed into the AH109 yeast host strain (Clontech Laboratories, Inc.) by electroporation (Bio-Rad, Hercules, CA, USA) according to the protocol provided by the manufacturer. The transformants were selected by seeding the yeast onto plates containing X-a-Gal (#8061-1, Clontech Laboratories, Inc) and minimal synthetic dropout (SD) medium (Clontech Laboratories, Inc) lacking adenine (Ade), histidine (His), tryptophan (Trp) and leucine (Leu), and incubated for 3-7 days at 30˚C. According to the chromogenic reaction of α-galactosidase activity, colonies that turned blue were retained and the positive results were confirmed by repeat assays. Inserts of the selected clones were sequenced by the dideoxy chain-termination method and analyzed by the Blast network service at the National Center for Biotechnology Information (http://www.ncbi.nlm. gov/blast).
In vitro translation reactions. Biotinylated pUL142 was expressed using the pGBKT7-UL142 plasmids (1 µg) and a TNT T7 Quick Coupled Transcription/Translation system (Promega, Madison, WI, USA) according to the manufacturer's instructions. A 2-µl aliquot of the biotin-containing translation products was separated directly on a sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gel (10%) and transferred onto a 0.2 µm polyvinylidene difluoride (PVDF) membrane (Millipore, Temecula, CA, USA). The biotinylated pUL142 (55 kDa) that reacted to streptavidin-horseradish peroxidase (streptavidin-HRP, 1:10,000; Promega) was visualized using an enhanced chemiluminescence western blotting detection system (Bio-Rad).
GST pull-down assay. The Snapin sequence of the pACT2-Snapin, which was identified by yeast two-hybrid screening, was obtained by digestion with restriction endonucleases EcoRI and XhoI (Takara Bio, Inc., Dalian, China), and inserted into the GST-tagged pGEX-4T-2 vector (Pharmacia Biotech, Inc., Piscataway, NJ, USA), designated as the GST-Snapin fusion protein expression plasmid. The GST pull-down experiment was performed according to the manufacturer's instructions (MagneGST™ Pull-Down System; Promega). The GST-Snapin fusion proteins (43 kDa) were expressed and extracted from the BL21 Escherichia coli strain (Tiangen, Beijing, China) transfected with the GST-Snapin fusion protein expression plasmid. GST-Snapin fusion proteins (200 µl) were incubated with MagneGST™ particles, which allow for the capture of a GST-labeled protein and protein complex, for 30 min at room temperature on a rotating platform. Following three washes of GST-Snapin fusion proteins, the particles were resuspended in 20 µl GST binding/wash buffer. Biotinylated UL142 proteins (80 µl) were added to the resuspended particles to a final volume of 800 µl GST binding/wash buffer. Following incubation at 4˚C for 1.5 h on a rotating platform, the reaction mixture was recovered by a magnetic stand (Promega). The prepared products were analyzed, using western blotting to detect the GST-Snapin using a mouse anti-GST monoclonal antibody (Pierce, Logan, UT, USA), and detecting the captured biotinylated UL142 proteins as mentioned above.
Immunofluorescence assay. The full-length UL142 coding sequence was obtained by PCR from HCMV H strain DNA. EcoRI and KpnI sites (underlined) were incorporated into the 5' ends of the amplicon with the following primers: for wa rd, 5'-CCG GA A T TC ACG GAT TGA ATG GGC GTG TT-3', and reverse 5'-CGG GGT ACC TTA CTG ACC GCG CCA TAC-3', respectively. The PCR products were inserted into the mammalian expression vector enhanced green fluorescent protein (GFP) plasmid (pEGFP-N1) (BD Biosciences, Franklin Lakes, NJ, USA) following digestion with the suitable restriction endonuclease and ligation by T4 DNA ligase (Promega), resulting in the pUL142-GFP plasmid.
The Snapin coding sequence from pACT2-Snapin was cloned into the pDsRed-C1 vector (BD Biosciences) with the EcoRI (introduced by the forward primer, 5'-CCG GAA TTC TGC GGG GGC TGG TTC CGC CGC-3') and KpnI (by the reverse primer, 5'-CGG GGT ACC TTA TTT GCC TGG GGA GCCA-3') sites, to produce the gene-rating plasmid pDsRed-Snapin. All constructs were confirmed by sequencing and sequence analysis (Invitrogen Life Technologies).
HEK-293 cells at 75% confluence were co-transfected with 1 µg pUL142-GFP and 1 µg pDsRed-Snapin using X-tremeGENE HP DNA Transfection Reagent (Roche, Mannheim, Germany) for a 24 h transfection period, which was subsequently replaced by normal growth media. The cells were analyzed using a TCS SP2 Nikon laser scanning confocal microscope (Nikon Eclipse C1 Plus, Tokyo, Japan) with 488-nm and 543-nm excitation beams at 48 h post-transfection.
Results

Snapin was screened as a binding protein of HCMV pUL142
with a yeast two-hybrid assay. Putative pUL142 binding proteins were identified from a human fetal brain cDNA library by yeast two-hybrid assay. Results of autonomous activation tests carried out using the UL142-BD fusion protein (pGBKT7-UL142) showed no autoactivation was caused by pUL142 in this system.
Among the positive clones identified from the cDNA library, four were confirmed by sequencing to contain the cDNA sequences of Snapin. Two of these contained the complete coding sequence of Snapin with more than 99% nucleotide identity. Yeast cells expressing AD-Snapin and BD-UL142 fusion proteins grew well on the SD medium lacking Ade/Trp/Leu/His, and turned blue in a further chromogenic reaction. These results strongly indicated that pUL142 binds to the Snapin protein in yeast.
Interaction between HCMV pUL142 and Snapin in vitro was confirmed by GST pull-down assay. GST pull-down experiments were performed to verify the direct interaction between pUL142 and Snapin. Consistent with the yeast two-hybrid assay results, pUL142 was specifically bound to GST-Snapin. As shown in Fig. 1 , GST-Snapin (Fig. 1A, lane 1) and biotinylated pUL142 (Fig. 1B, lane 1) were highly expressed in the transformed BL21 and the TNT system, respectively. Following the incubation of the two expressed proteins with MagneGST™particles, GST-Snapin and pUL142 were detected in the recovered proteins (Fig. 1A, lane 2 and Fig. 1B,  lane 2, respectively) . In contrast, no corresponding band was observed in the control lanes (Fig. 1A, lane 3, and Fig. 1B,  lane 3) . This result confirmed that pUL142 was able to be captured by GST-Snapin, and that there was a direct interation between Snapin and pUL142 in this in vitro experiment.
Colocalization of HCMV pUL142 and Snapin was detected by immunofluorescence assay in the HEK-293 cells.
To detect whether pUL142 had the same localization as that of Snapin, the plasmids pUL142-GFP and pDsRed-Snapin were co-transfected into HEK-293 cells and their expressed proteins were detected by immunofluorescence assay. As shown in Fig. 2 , the fusion proteins expressed by pDsRed-Snapin and pUL142-GFP were broadly expressed and spatially colocalized in the transfected HEK-293 cells, indicating that they could form a complex in the transient expression system.
Discussion
Interactions between virus and host proteins may be an important method for viruses to establish a suitable environment for replication and dissemination. Understanding the potential interactions between viral proteins and those between viral and human proteins is important for elucidating the mechanisms of infection and developing novel strategies for the treatment and prevention of herpesvirus latency and infection (14) (15) (16) . As a novel HCMV encoded major histocompatibility complex (MHC) class I-related molecule, the UL142 protein contains an MHC class I Antigen (MICA) recognition domain (17, 18) , which is able to downregulate the expression levels of the NKG2D ligand, leading to protection from NK cytotoxicity and inhibition of NK cell-mediated lysis (19) (20) (21) (22) . Snapin, expressed in a number of types of cells, including adipocytes and neuronal cells (23) (24) (25) (26) , has been established to be associated with the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex (27, 28) . SNAREs are ubiquitous proteins that direct vesicular trafficking and exocytosis, and mediate the release of neurotransmitters in neurons (29) . Zhou et al (30) , have revealed that Snapin has a critical role in coordinating dynein-driven retrograde transport and late endosomal-lysosomal trafficking, thus maintaining efficient autophagy-lysosomal function. In addition, a number of studies have demonstrated that Snapin may regulate HCMV genomic DNA synthesis by modulating the cellular distribution of viral helicase (25, (31) (32) (33) .
In the present study, a direct interaction between pUL142 and Snapin was confirmed in vitro. Furthermore, Snapin and pUL142 were demonstrated to be highly colocalized in cotransfected HEK-293 cells. These results indicate that the interaction of pUL142 with the host protein Snapin may occur in vivo and influence vesicular trafficking and exocytosis by increasing the formation of the virus releasable pool and synaptic transmission. However, the biological functions of the interaction between pUL142 and Snapin in vivo are still in question and details of this aspect require further investigation.
